The B domains of dengue virus serotypes 1 to 4 were expressed in Escherichia coli. The purified proteins were applied to immunoblot strips to detect serotype-specific antibodies in paired serum samples from 41 patients with primary and secondary dengue infections. A close correlation between the results obtained with the immunoblot strips and by type-specific reverse transcription-PCR (T. Laue, P. Emmerich, and H. Schmitz, J. Clin. Microbiol. 37:2543-2547, 1999) was observed.
Four virus serotypes can cause dengue fever, and secondary infections are frequently seen. The laboratory diagnosis of dengue can be carried out by detecting anti-dengue immunoglobulin M (IgM) antibodies, which are produced 3 to 5 days after the onset of the disease (2, 7) .
Unfortunately, anti-dengue IgG and IgM antibodies in human sera cross-react with all four dengue virus serotypes (13) and even with other flaviviruses. Serotype differentiation has been possible only by testing immune responses by neutralization tests or type-specific reverse transcription (RT)-PCR (3, 9) .
On glycoprotein E (10, 14) , a highly dengue virus typespecific antigenic side, the B domain or domain III, has been characterized (17) . The short sequence of about 100 amino acids was expressed in Escherichia coli for the Japanese encephalitis (JE) virus by Mason et al. (12) and for dengue viruses by Fonseca et al. (4) . By use of these antigens, typespecific antibodies were found in mouse hyperimmune sera. The investigations were continued by Simmons et al. (16, 17) , who applied a mixture of all four recombinant dengue virus B domains to establish a dengue virus-specific enzyme-linked immunosorbent assay.
Secondary dengue virus infections may be more serious than primary ones (6, 20) . Therefore, after a primary dengue virus infection, tourists may want to know which serotype caused the disease. Moreover, a dengue virus serotype-specific antibody test could provide information on the serotypes prevailing in areas in which dengue is endemic. In vaccination studies, typespecific responses could be monitored. We therefore tested serum samples obtained from dengue fever patients and having known serotypes by using B domain antigens.
Samples were collected from European tourists and from patients during a dengue virus serotype 2 epidemic in Hue, Vietnam. Acute-phase serum samples (days 1 to 3 after onset) and follow-up serum samples taken 3 to 6 days after the first ones were obtained. IgM titers were determined for all patients by using a -capture enzyme-linked immunosorbent assay (Pan Bio, Brisbane, Australia). Anti-dengue virus IgG titers were determined by an indirect immunofluorescence test. All patients had clinical signs of acute dengue virus infection. In all 41 patients (7 from Vietnam; 34 tourists), the serotype could be determined by using 5Ј-nuclease RT-PCR (9) . Routine serum samples from an additional 142 dengue fever patients with specific anti-dengue virus IgM and IgG antibodies and samples from 85 healthy individuals without anti-dengue virus antibodies were used to calculate the sensitivity and specificity of the immunoblot assay. Serum samples obtained from four West Nile (WN) virus-infected individuals and containing anti-WN virus IgM antibodies (15) were also included (1) .
In contrast to earlier expression strategies (4, 12, 16, 17) , our antigens consisted of B domains with His tags for improved purification. For the amplification of the respective B domain coding regions, supernatants of dengue virus serotypes 1 to 4 (9), of WN virus (Wengler strain; SwissProt accession no. P06935), and of JE virus (Nakayama strain: SwissProt accession no. P14403) were available.
The following primers were used (restriction sides are underlined): 5Ј-ACGGGATCCGTAATGTGCACAGGGTCAT TC-3Ј (dengue virus serotype 1 sense), 5Ј-ATGGAGCTCAC TGCTTCCCTTCTTGAACCA-3Ј (dengue virus serotype 1 antisense), 5Ј-ACGGGATCCTCATACTCTATGTGCACAG GA-3Ј (dengue virus serotype 2 sense), 5Ј-ATGAAGCTTGC CGATAGAACTTCCTTTCTT-3Ј (dengue virus serotype 2 antisense), 5Ј-ACGGGATCCATGAGCTATGCAATGTGC TTG-3Ј (dengue virus serotype 3 sense), 5Ј-ATGAAGCTTTT CCCAATCGAGCTTGGCTT-3Ј (dengue virus serotype 3 antisense), 5Ј-ACGGGATCCTCATACACGATGTGCTCAGG A-3Ј (dengue virus serotype 4 sense), 5Ј-ATGAAGCTTAAT GGAGCTCCCTTTCCTGAA-3Ј (dengue virus serotype 4 antisense), 5Ј-CCCGAATTCGACAACATATGGA-3Ј (WN virus sense), 5Ј-CCCCTCGAGAGATTTGTGCCA-3Ј (WN virus antisense), 5Ј-ACGGGATCCATGTGTACAGAAAAA TTCTCGTTC-3Ј (JE virus sense), and 5Ј-ATGAAGCTTCC AATGGTGGTTGATCTGCTT-3Ј (JE virus antisense).
The amplified fragments were cut with restriction enzymes and ligated into plasmids pET22b and pQE30 (11) . These recombinants were used to transform E. coli BL21(DE3)/ pLysS and JM109 (both from Novagen, Madison, Wis.), respectively. Bacterial colonies were analyzed for the presence of the B domain gene fragment by restriction enzyme analysis.
Proteins were purified by Ni-nitrilotriacetic acid affinity chromatography under denaturing conditions.
For immunoblotting, samples (200 g each) were run on sodium dodecyl sulfate (SDS)-15% polyacrylamide gels (8, 19) . The monomer bands were excised and glued together with silicon paste, and the attached nitrocellulose sheet was cut into strips containing six recombinant antigens.
For antibody detection, the strips were stained according to routine procedures (11) by using peroxidase-labeled rabbit anti-human serum.
Upon SDS-polyacrylamide gel electrophoresis (Fig. 1A) , a strong single band was visible. Its size varied, depending on the different B domains, from approximately 11 to 14 kDa, consistent with the expected sizes of proteins containing 110 to 120 amino acids and including the vector backbone and the six-His tag. Due to purification, contaminating proteins were only faintly visible in the gel (Ͻ1% of the purified protein). Bands consisting of dimeric (22 kDa; marked with "D" in Fig. 1A ) and trimeric B domain proteins were observed. Upon blotting of the dengue virus serotype 2 B domain protein, these bands also reacted with type 2-specific anti-dengue virus monoclonal antibody 3H5-1 (ATCC HB-46).
Six antigens were present on each immunoblot strip (Fig.  1B) . The WN or JE virus antigen bands served as internal negative controls. With serum samples from patients with proven dengue virus serotype 1, 2, 3, or 4 infections, strong homologous reactions were observed. The WN virus antigen did not react with any samples from dengue patients but reacted with anti-WN virus sera and anti-WN virus monoclonal antibody 15R4.
In 33 patients with primary dengue infections, dengue virus RNA had been demonstrated in the early serum samples by RT-PCR. No IgG antibodies could be detected in these early samples, but anti-dengue virus IgG and IgM antibodies appeared later in the consecutive samples. The immunoblot results obtained for the late samples are shown in Table 1 . All samples from the 18 patients with dengue virus serotype 1 infections, as identified by RT-PCR, reacted with dengue virus serotype 1 antigen. Antibodies to dengue virus serotype 2 were found in 10 out of 11 confirmed dengue virus serotype 2 infections. We found only four individuals with proven dengue virus serotype 3 infections, and in the four late samples, antibodies to dengue virus serotype 3 antigen were present. Primary infections with dengue virus serotype 4 were not identified. A total of 85 serum samples from healthy individuals without antibodies to dengue virus were used as negative controls, including 27 serum samples from yellow fever vaccinees. Only 3 of these serum samples (one in the yellow fever group) reacted with the dengue virus serotype 2 antigen, while the remaining 82 serum samples did not show any staining with the six antigens applied to the strips. In 10 of the 33 primary dengue virus infections (Table 1) , some cross-reactivity with heterologous dengue virus antigens was observed (30%). However, with only one exception (one patient with dengue virus serotype 1 infection), the cross-reactive band was always weaker than the homologous one. Thus, the correct serotype would have been identified by means of the immunoblot assay for 31 of 33 dengue cases (94%).
In the early samples from eight patients with secondary dengue infections (Table 2) , both anti-dengue virus IgG antibodies (titer, Ն40) and virus RNA were present simultaneously, while anti-dengue virus IgM antibodies were absent. In addition to the early samples, late samples also were available. Three of the eight patients (patients 1, 2, and 3) were frequent travelers, and five were Vietnamese. Compared to the primary dengue infections, the secondary dengue infections showed clearly broader reactivity; however, some unexpected changes in the heterologous reactions were observed.
To obtain information on the sensitivity of the immunoblot assay for detecting antibodies irrespective of the dengue virus serotype, we tested serum samples from 142 patients with acute dengue fever. With these serum samples, the sensitivity of the immunoblot assay was 89.4%. The sensitivities for detecting serotype-specific antibodies, as calculated from the 41 late samples from the serotyped patients, were 94% for dengue virus serotype 1 (18 patients), 94% for dengue virus serotype 2 (17 patients), and 100% for both dengue virus serotype 3 (only 4 patients) and dengue virus serotype 4 (only 2 patients) antigens.
A total of 82 of 85 samples from healthy individuals without antibodies to dengue virus were negative in the immunoblot assay (96.5% specificity). For obvious reasons, the specificity of the immunoblot assay for detecting individual serotypes was confined to the primary dengue cases. The specificity of dengue virus serotype 3 antigen detection was 80% (four of five samples correctly detected). In all other serotype reactions, the specificity was 100%, indicating that weak cross-reactions were not interpreted as false-positive results.
The four serotypes of dengue viruses can be identified in early serum samples containing virus RNA. The immunoblot assay may provide a simpler alternative to PCR typing and, in contrast to PCR, can be applied to healthy seropositive individuals. The blots can be stored at 4°C for several weeks, probably because the B domain proteins are very stable (21) .
In only one case could the type-specific (dengue virus serotype 1) reaction not be differentiated from the heterologous one (dengue virus serotype 3). This result might have been caused by the high degree of homology (70%) among the B domains of dengue virus serotypes 1 and 3 (4). The crossreactivity in a primary infection must be differentiated from the multiple reactivity in secondary infections. This multiple reactivity is most likely due to consecutive immunizations with several dengue virus serotypes.
A serotype-specific immunoblot assay could be used to determine the distributions of different dengue virus serotypes in areas of endemicity. Our RT-PCR data on secondary dengue fever patients in Hue, Vietnam, support a major role of dengue virus serotype 2 in this region and are in agreement with recent data on dengue virus serotype 2 isolation in Vietnam (5). 
